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Abstract 
In order to investigate the effect of the matrix variability on the interlaminar shear strength (ILSS) of glass fiber reinforced 
composites at 77K, three kinds of modifiers were employed to diethyl toluene diamine (DETD) cured diglycidyl ether of 
bisphenol F (DGEBF) epoxy resin system. The woven glass fiber reinforced composites were fabricated by vacuum pressure 
impregnation (VPI). The ILSS at 77 K was studied and the results indicated that introduction of modifiers used in this study can 
enhance the ILSS of composite at 77 K. A maximum of 14.87% increase was obtained by addition of 10 wt% IPBE into the 
epoxy matrix. Furthermore, scanning electron microscopy (SEM) was used to investigate the fracture mechanism and 
strengthening effect. 
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1. Introduction 
Glass fiber reinforced epoxy composites have been increasingly employed in cryogenic engineering and applied 
superconductivity as structural materials and insulation materials because of their mechanical performance, superior 
tailor-made property and electrical insulation (Schutz 1998, Takeda 2005 and Shindo 2005). For example, in fusion 
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reactors, such as the International Thermonuclear Experimental Reactor (ITER), large quantities of woven glass 
fiber reinforced polymer (GFRP) composite may be used as thermal insulation, electrical insulation and structural 
support for superconducting magnets (Shindo 2005). Generally, the in-plane properties of GFRP are dominated by 
fibers and are sufficient for many structural applications, while the through thickness properties, such as interlaminar 
shear strength (ILSS), are dominated by the matrix. Therefore, the interlaminar shear strength is usually a limiting 
design characteristic of most fibrous composites due to its relatively low value compared with the in-plane strength. 
 In cryogenic engineering, the composites were often exposed to 77 K even to 4.2 K and subjected to thermal 
cycling. As the temperature is decreased down to cryogenic levels, microcracks and delamination in the composites 
may occur due to the thermal residual stresses generated by difference in thermal contraction between the fiber and 
matrix phases. Thus, the improvement of the ILSS has been of importance. In the previous studies (He 2012 and 
Mahmood 2012), many researchers have explored some effective methods to enhance the ILSS at room temperature, 
such as using Z-pins to connect the laminate, stitching fibers in the thickness direction and matrix modifications. 
However, compared to matrix modification, Z pinning and stitching require significant additional manufacturing 
processes and cost (Fan 2008).  
Cryogenic mechanical behaviors of composites are generally different from those at room temperature. Therefore, 
it may not be useful to improve the ILSS of the composites at cryogenic temperature by methods which are used to 
enhance the ILSS at room temperature. There are few publications concerning the improvement of their ILSS at low 
temperature.  
The present study concentrates on exploring the role of the matrix variability on the ILSS of the hybrid composite 
at 77 K. Diethyl toluene diamine (DETD) cured diglycidyl ether of bisphenol F (DGEBF) epoxy resin system will be 
employed as polymer matrix, modified by the introduction of three kinds of modifiers. The glass fiber reinforced 
epoxy composites are fabricated by the vacuum press impregnation (VPI) process. The ILSS of the glass fiber 
reinforced composites at 77 K are investigated and their fracture surfaces are examined by scanning electron 
microscopy (SEM) to explain the ILSS results.  
2. Experiment 
2.1. Materials 
The resin used in this study was a commercially available diglycidyl ether of bisphenol F epoxy resin (DGEBF, 
GY285) supplied by Huntsman Advanced Materials. The curing agent was a liquid aromatic amine, diethyl toluene 
diamine (DETD, HY5200) supplied by Huntsman Advanced Materials. Epoxy terminated butadiene-acrylonitrile 
oligomers (ETBN, Beijing Devote Chemical Co., Ltd. , China), a liquid aromatic hyper-branched epoxy resin (E102, 
Suzhou HyPerT Resin Science &Technology Co. Ltd., China) and isopropylidenebisphenol bis[(2-glycidyloxy-3-n-
butoxy)-1-propylether] (IPBE, PY 4122, Huntsman Advanced Materials) were employed to modify the epoxy 
matrix. The glass fiber (RW220-90, Sinoma Science and Technology Co., China) cloth is used as the reinforcement 
material.  
2.2. Preparation of composites 
The GFRP composites were prepared by VPI process. Firstly, the release agent was smeared on the surface of the 
metal mould to enable easy detachment of the laminate after curing. Secondly, the metal mould filled with the 
required number of glass fiber layers need a heat treatment at 120 °C for 10 hours. Epoxy resins and 10 wt% 
additives (E102, ETBN and IPBE) were mixed at 45°C under mechanical stirring. Then, the stoichiometric amount 
of hardener was added into the mixture followed by stirring and the mixture was degassed at 45 °C with a vacuum 
pump to eliminate air bubbles completely. The bubble-free mixtures were then impregnated into the preheated 
mould at 45 °C and cured at 80 °C for 10 h followed by 120 °C for 10 h. After curing, the sample was cooled slowly 
to room temperature in order to minimize thermal residual stress. The void contents of the prepared specimens were 
less than 0.6 vol%.  
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2.3. Interlaminar shear strength test 
The apparent interlaminar shear strength (ILSS) was determined by a short beam shear (SBS) test at 77 K 
according to the ASTM D 2344. All tests were carried out using a universal testing machine (SUNS 20 kN) in 
combination with a cryostat at a cross-head speed of 1 mm/min. The span-to-thickness ratio was 5. Specimens with 
an outer dimension of 24 mm (length) × 8 mm (width) × 4 mm (thickness) were used. A minimum of six specimens 
were tested for each type of composite. 
The fracture surfaces of the composite samples after the SBS tests were examined by using a Hitachi S-4300 
SEM.  
3. Results and discussion 
3.1. Isothermal viscosity profile 
In order to determine the useful working life of the different epoxy resins, the isothermal viscosity profile of each 
resin was measured using a viscometer (Brookfield DV 2) equipped with a thermostatically controlled water bath for 
temperature control. The viscosity of each composite at 45 °C as a function of time is shown in Fig. 1. Clearly, the 
resins have a similar initial viscosity at 45 °C, which is about 210 mPa·s.  
However, the viscosity dependences on time for various resins are different. The viscosity of resin blended with 
E102 increased dramatically after only short-term storage compared to the unmodified resin. The viscosity of hybrid 
resin blended with 10 wt% E102 increased from 213 mPa·s to 400 mPa·s after 2.2 h, while for the unmodified resin 
its viscosity increased to 400 mPa·s after 5 h. It indicates that the addition of E102 seems to plays a role of a 
catalytic agent that increases the rate of curing reaction.  
Moreover, it is noted that the hybrid resin blending with IPBE has a lower viscosity than the E102 modified resin 
and unmodified resin. The viscosity of hybrid resin blended with 10 wt% IPBE increases from 210 mPa·s to 
400 mPa·s after 7 h. This implies that the IPBE reduces the rate of chemical reactions and results in extending the 
effective working life.  
 
 
Fig. 1. Isothermal viscosity-time curves of unmodified and modified resins at 45 °C. 
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Fig. 2. Load versus displacement curves of unmodified and modified composites. 
 
 
Fig. 3. Optical microscope image of fracture surface of composite containing IPBE after SBS test at 77 K. (a) fractured samples, (b) interlaminar 
failure sample (c) trans-laminar failure sample. 
3.2. Interlaminar shear strength 
Fig. 2 shows the typical load-displacement curves obtained from the ILSS tests of the unmodified composite and 
modified composites. It can be seen that all curves show a nearly linear elastic trend during the early stage of 
loading and rise gradually to the peak load. They then drop suddenly, which reflects a distinct failure developed in 
the samples due to interlaminar shear. 
Typical optical micrographs of the fracture surfaces of IPBE modified composites are shown in Fig. 3. It can be 
seen that the specimens exhibit the interlaminar shear failure around the mid plane and the trans-laminar failure. In 
Fig. 3(b), the crack propagates through the central plane of the specimen after SBS test at 77K, whereas in Fig. 3(c), 
the crack propagates across the laminate and it exhibits matrix failure and fiber breakage. For the SBS test, the 
different and complex failure modes affect the accurate measure of the ILSS value. In order to assess the ILSS value 
of each composite precisely, the obtained results are quoted as the average values with deviation from all samples 
with interlaminar shear failure mode. The results are presented in Fig. 4. It shows that the unmodified epoxy 
composite had a lower ILSS than the modified composites. In addition, the highest ILSS was obtained after IPBE 
modification. The ILSS of the E102, ETBN and IPBE modified composites increases by 9.07%, 5.5% and 14.87%, 
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respectively. These results show that IPBE is more effective for improving the ILSS of the composite at 77K. The 
improvement of ILSS can be attributed to the change of interfacial adhesion induced by the introduction of variety 
modifier to the epoxy matrix. Modification of epoxy matrix by toughening agents might lead to the enhancement of 
matrix toughness and interfacial adhesion strength between glass fibers and epoxy matrix, resulting in the increase 
of the ILSS. 
 
Fig. 4. ILSS of composites measured by SBS test at 77 K. 
  
  
Fig. 5. SEM images of fracture surfaces of composites after SBS tests at 77K. (a) unmodified composite, (b) E102 modified composite, (c) ETBN 
modified composite and (d) IPBE modified composite. 
a 
d c 
b 
 Zhixiong Wu et al. /  Physics Procedia  67 ( 2015 )  1068 – 1073 1073
For better understanding the role of matrix modification, the fracture morphology of various composites after 
ILSS tests was analyzed by SEM micrographs. For the unmodified epoxy/glass fiber composite shown in Fig. 5(a) 
and (b), bare fiber was exposed and few matrix adhered to the surface of fibers. These results indicate that the 
interfacial bonding between the fiber and epoxy matrix was poor.  
All modified composites show a significantly different interface microstructure on the SEM micrographs. As 
shown in Fig. 5(c+d), some bare fiber can also be observed, but the fracture surface of the E102 modified composite 
was rougher and more matrix adhered to fibers compared to the unmodified composite. The rough fracture surfaces 
indicates that modified epoxy/glass composites need more energy to delaminate, which contributes to higher ILSS 
[7]. For the ETBN or IPBE modified composites, the glass fiber surface is covered with epoxy matrix because 
cohesive failure occurred in the matrix. In particular, compared to unmodified composite and other modified 
composites, it is noticed that less bare fibers and less hackle can be seen at the fracture surface of IPBE modified 
composite, and that a thin layer of matrix completely covers the fiber surface and more matrix debris is observed.  
These phenomena show that IPBE improved the toughness of epoxy matrix and the failure mechanism in the 
IPBE modified composite is a combination of resin fracture and interfacial debonding, which is probably the main 
reason why the ILSS of glass fiber composites based on IPBE modified epoxy matrix is the highest among all the 
investigated cases.  
As shown in Fig.1, the addition of IPBE result in a lower viscosity and longer work life, which facilitates resin 
flow, making it easier to impregnate the fiber surface. Previous reports (Huang 2002) indicate that the decreasing of 
the resin viscosity can improve the wetting ability of fibers and the adhesion between matrix and fibers. A lower 
viscosity could enhance the interfacial bonding and the mechanical interlocking between resin and fibers, which will 
be of great benefit to improve the stress transfer, thus leading to the improvement of ILSS. 
4. Conclusion 
In this study, diethyl toluene diamine (DETD) cured diglycidyl ether of bisphenol F (DGEBF) epoxy resin 
system was modified by introduction of E102, ETBN and IPBE. The effect of matrix modification on the ILSS at 
77 K was investigated. The investigation showed that IPBE was the most effective for improving the ILSS of the 
composite at 77 K among all the investigated cases, which leads to a maximum of 14.87% increase in shear strength 
over unmodified sample. Micrographic examinations showed that IPBE improved the toughness of epoxy matrix 
and interfacial adhesion strength between glass fibers and epoxy matrix. 
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